INTRODUCTION
============

Chromosome segregation is driven by a bipolar spindle, which consists of microtubules emanating from spindle poles. Bipolar spindle assembly is regulated by outward pushing forces and inward pulling forces generated by microtubules and microtubule-associated proteins (MAPs). The plus-end-directed motor kinesin-5 (BimC/Eg5/Cut7) cross-links and slides antiparallel microtubules, thereby pushing away the two spindle poles harboring minus ends of the microtubules ([@B22]; [@B20]).

The outward force generated by kinesin-5 is essential for bipolar spindle assembly, as its inhibition results in monopolar spindles, defined by a failure in separation of the two spindle poles ([@B15], [@B16]; [@B17]; [@B28]; [@B21]). On the contrary, inward forces are generated by minus-end-directed motors such as kinesin-14 and dynein ([@B42]; [@B29]). Outward and inward forces are antagonistic to each other during spindle pole separation. The monopolar spindle caused by kinesin-5 inhibition is canceled by the simultaneous depletion of kinesin-14 or dynein in humans, *Drosophila*, *Xenopus* eggs, and fission yeast ([@B25]; [@B42]; [@B47]; [@B29]; [@B44]; [@B13]; [@B36]; [@B48]). The interplay of the kinesin-5 and kinesin-14 in bipolar spindle assembly was intensively investigated in the fission yeast *Schizosaccharomyces pombe.*

Fission yeast has a kinesin-5 protein Cut7 and two kinesin-14 proteins; Pkl1 and Klp2 ([@B15]; [@B25]; [@B47]). Cut7 generates an outward force that slides antiparallel microtubules apart ([@B15], [@B16]) (see [Figure 1A](#F1){ref-type="fig"} for a schematic, left). Cut7 is essential for the separation of spindle pole bodies (SPBs, the fungal equivalent of the centrosome) ([@B15], [@B16]), and the deletion mutant of Cut7 (*cut7*∆) is lethal. The conditional (temperature-sensitive) mutant of Cut7 shows the monopolar spindle phenotype at the restrictive temperature, which is a hallmark of SPB separation defects. In contrast, Pkl1 localizes closely to SPBs and generates an inward force that pulls microtubules emanating from opposite poles ([@B37]; [@B53], [@B55]) ([Figure 1A](#F1){ref-type="fig"}, center).

![*cut7*Δ *pkl1*Δ cells display the monopolar spindle in meiosis I. (A) Schematics for spindle assembly in the mitosis of WT, *cut7*Δ, and *cut7*Δ *pkl1*Δ cells. (B) The *cut7*∆ *pkl1*∆ cells are defective in meiosis and sporulation. Cells of indicated genotypes were stained with DAPI. Images are shown merged with differential interference contrast (DIC) (left). The spores in an ascus were counted (right, WT, *n* = 111 cells; *pkl1*Δ, *n* = 108 cells; *cut7*∆ *pkl1*∆, *n* = 131 cells). Scale bar, 10 μm. (C) Meiosis was induced for *mes1*Δ and *cut7*Δ *pkl1*Δ *mes1*Δ cells. Cells were stained with DAPI, and the chromosome masses in a zygote were counted (mean ± SD *n* \> 94 cells, *N = 2* experiments). Scale bar, 10 μm. \**P* \< 0.005 (Welch's *t* test). (D) Living cells expressing Cdc13-YFP (green), mCherry-Atb2 (microtubules; red), and Sfi1-CFP (SPB; blue) were observed from the onset of meiosis I in WT (top) and *cut7*Δ *pkl1*Δ (bottom). The value 0 min corresponds to the start of time-lapse imaging. Scale bars, 5 μm. (E) Percentages of WT and *cut7*Δ *pkl1*Δ cells that showed SPB separation in meiosis I were calculated from observation in C (WT, *n* = 11 cells; *cut7*∆ *pkl1*∆, *n* = 13 cells).](mbc-30-2802-g001){#F1}

The lethality of *cut7*Δ is suppressed by the deletion of the *pkl1* gene; and the *cut7*∆ *pkl1*∆ double mutant survives ([@B36]) and manages to eventually separate SPBs by microtubules grown in a later stage than usually seen in wild type (WT) cells ([@B37]; [@B53]). The *cut7*∆ *pkl1*∆ double mutant utilizes the antiparallel microtubule bundling factor Ase1/PRC1 for SPB separation ([@B37]; [@B53]). Ase1 in WT cells generates outward pushing forces in the spindle midzone in anaphase that contributes to elongation of the anaphase spindle ([@B27]; [@B51]) ([Figure 1A](#F1){ref-type="fig"}, right). In silico simulations suggest that the Ase1-dependent mechanism is seemingly sufficient for bipolar spindle assembly in the absence of Cut7 and Pkl1 ([@B37]). Therefore, the force balance exerted for the positioning of two SPBs can be explained by Cut7, Pkl1, and additional factors located on interpolar microtubules connecting two SPBs.

In addition to recent knowledge, we here propose an additional outward force that may contribute to the separation of SPBs in the pro-prometaphase of mitosis. Chromosomes play a key role in outward force generation. In mitosis, kinetochores located on sister chromatids are bioriented to associate with microtubules from opposite poles. In the first division of meiosis (meiosis I), homologous chromosomes are paired as bivalent with some cross-overs as a result of meiotic recombination (reviewed in [@B43]; [@B50]). Spindle microtubules need to segregate homologues but not sister chromatids. For this purpose, sister kinetochores are tightly tethered throughout meiosis I by the meiotic cohesin Rec8 as well as the monopolin Moa1, so that such mono-oriented sister kinetochores can be associated to microtubules from either of the two SPBs ([@B52]). When spindle microtubules attach to kinetochores to pull them, bivalent chromosomes are stretched by pulling forces generated in the spindle (reviewed in [@B33]).

In this study, we use mitotic and meiotic cells to investigate how chromosomes affect SPB separation. Through analyses, we propose that kinetochores attached to microtubules provide mechanical support to push SPBs apart during the pro-prometaphase of mitosis.

RESULTS
=======

*cut7*Δ *pkl1*Δ cells fail to assemble the bipolar spindle in meiosis I
-----------------------------------------------------------------------

Recent knowledge regarding the force balance is summarized as a schematic in [Figure 1A](#F1){ref-type="fig"}. Cut7 is essential for SPB separation in fission yeast ([@B15], [@B16]). The *cut7* deletion mutant (*cut7*∆) is inviable as it is unable to separate SPBs, but the *cut7*Δ *pkl1*Δ double mutant is shown to be viable ([@B36]) (Supplemental Figure S1A). Indeed, *cut7*Δ *pkl1*Δ cells separate SPBs, albeit partially, powered by the sliding of interdigitating microtubules with the assistance of the microtubule cross-linker Ase1 ([@B37]; [@B53]) ([Figure 1A](#F1){ref-type="fig"} and Supplemental Figure S1, B and C). The spindles in *cut7*∆ *pkl1*∆ cells were elongated later in the anaphase, although the timing appeared delayed compared with those in WT cells ([@B37]; [@B53]) (Supplemental Figure S1, B and C).

However, it was found that the *cut7*Δ *pkl1*Δ mutant showed severe defects in meiotic progression. Although WT and *pkl1*Δ zygotes underwent normal meiosis and produced four spores, *cut7*Δ *pkl1*Δ zygotes mostly produced 0--2 spores per ascus ([Figure 1B](#F1){ref-type="fig"}). The number of nuclei indicated by DAPI (4′,6-diamidino-2-­phenylindole) was one or two in most asci, instead of four in WT asci as a result of two rounds of meiotic divisions (meiosis I and II). This result indicates that the *cut7*Δ *pkl1*Δ mutant is deficient in chromosome segregation in meiosis.

The *mes1*∆ mutation, which arrests meiotic progression before meiosis II at the binucleate state, was utilized for further clarification studies ([@B4]; [@B18]) ([Figure 1C](#F1){ref-type="fig"}). In contrast, ∼90% of *cut7*Δ *pkl1*Δ *mes1*Δ zygotes showed one nucleus ([Figure 1C](#F1){ref-type="fig"}), indicating that cells were unable to undergo meiosis I in the simultaneous absence of Cut7 and Pkl1.

Therefore, the progression of meiosis I by the time-lapse imaging of WT and *cut7*Δ *pkl1*Δ cells expressing Cdc13-YFP (cyclin B) ([@B10]), mCherry-Atb2 (α2-tubulin) ([@B41]), and Sfi1-CFP (a component of the SPB half-bridge) ([@B24]) was investigated. In WT cells, SPBs separated and accordingly, the bipolar spindle was formed by the metaphase of meiosis I (4 min onward; note that Cdc13-YFP localized to SPBs; [Figure 1D](#F1){ref-type="fig"}, top). Cdc13 then disappeared, and the spindle began to elongate on entry into the anaphase (24 min). In contrast, SPBs failed to separate in 85% of the *cut7*Δ *pkl1*Δ cells, and the resulting monopolar spindle remained until the end of meiosis I when Cdc13-YFP disappeared ([Figure 1, D and E](#F1){ref-type="fig"}, bottom).

Despite the failure in bipolar spindle formation in meiosis I, it appeared that the SPBs separated and the bipolar spindle was assembled later, in the timing of meiosis II (56 min, [Figure 1D](#F1){ref-type="fig"}, bottom), which was indicated by the reaccumulation of Cdc13-YFP on SPBs. Although the spindle for meiosis II started to assemble, it failed to fully elongate and segregate chromosomes. Therefore, most of the mutant cells produced a single spore with a single nucleus ([Figure 1, B and D](#F1){ref-type="fig"}). Taking these results together, it was concluded that the Cut7-independent spindle assembly machinery that operates in mitosis might not properly function in meiosis I.

Deletion of *klp2* improves the SPB separation of *cut7*Δ *pkl1*Δ cells in meiosis I
------------------------------------------------------------------------------------

It was then hypothesized that the monopolar spindle phenotype seen in meiosis I of the *cut7*∆ *pkl1*∆ mutant was due to the imbalance of spindle forces. The inward forces pulling SPBs might be strong relative to outward pushing forces in the meiosis I spindle. To test this hypothesis, the deletion of the *klp2* gene was introduced. While the kinesin-5 Cut7 generates an outward force, two kinesin-14 proteins, Pkl1 and Klp2, generate inward forces in the mitotic spindle ([@B37]; [@B53], [@B55], [@B54]). In line with this, previous observations for mitosis have demonstrated that the bipolar spindle assembled in *cut7*Δ *pkl1*Δ cells is ameliorated even by the simultaneous deletion of *klp2* ([@B55], [@B54]).

Therefore, meiosis I of the *cut7*Δ *pkl1*Δ *klp2*Δ triple knockout cells was observed. First, most of the *cut7*Δ *pkl1*Δ cells failed to undergo meiosis I resulting in improper nuclear division, as shown above ([Figures 1](#F1){ref-type="fig"} and [2A](#F2){ref-type="fig"}). In contrast, ∼40% of the *cut7*Δ *pkl1*Δ *klp2*Δ cells generated four spores with four nuclei as WT cells did ([Figure 2A](#F2){ref-type="fig"}), indicating that defects in SPB separation were canceled by the additional deletion of *klp2*. As expected, similar percentages of *cut7*Δ *pkl1*Δ *klp2*Δ cells separated SPBs and assembled the bipolar spindle by metaphase of meiosis I (12 min; [Figure 2, B and C](#F2){ref-type="fig"}, bottom), followed by spindle elongation in the anaphase (40 min).

![Deletion of *klp2* partly suppresses meiotic defects in *cut7*∆ *pkl1*∆. (A) Sporulation was monitored in the cells of indicated genotypes. Cells were stained with DAPI and shown with DIC (left). Proportions of the number of spores are also shown (right, WT, *n* = 183 cells; *pkl1*Δ, *n* = 181; *klp2*∆, *n* = 89; *pkl1*∆ *klp2*∆, *n* = 146; *cut7*∆ *pkl1*∆, *n* = 179; *cut7*∆ *pkl1*∆ *klp2*∆, *n* = 151). Scale bar, 10 μm. (B) Cells expressing Cdc13-YFP (green), mCherry-Atb2 (microtubules; red), and Sfi1-CFP (SPB; blue) were observed from the onset of meiosis I in *cut7*Δ *pkl1*Δ (top) and *cut7*Δ *pkl1*Δ *klp2*Δ (bottom). Scale bars, 5 μm. (C) Percentages of WT, *cut7*Δ *pkl1*Δ*,* and *cut7*Δ *pkl1*Δ *klp2*Δ cells that showed SPB separation in meiosis I were calculated from observations in B (WT, *n* = 12 cells; *cut7*∆ *pkl1*∆, *n* = 11; *cut7*∆ *pkl1*∆ *klp2*∆, *n* = 12).](mbc-30-2802-g002){#F2}

These results demonstrate that *cut7*Δ *pkl1*Δ cells were unable to separate SPBs in meiosis I because of the imbalance of forces inside the spindle that was not evident during mitotic divisions.

Chromosome configuration affects the balance of forces inside the meiotic spindle
---------------------------------------------------------------------------------

Collectively, these results indicate that in meiosis I, the inward forces are stronger or outward forces are weaker than in mitosis. Therefore, *cut7*∆ *pkl1*∆ cells fail to separate SPBs in meiosis I.

As a result, the reasons why the force imbalance was evident, particularly in meiosis I, were examined. This difference could be due to the ploidy of cells used in the experiments, as current knowledge on mitosis has been based on observations using haploid cells, and the meiotic cells used in this study are diploid. The diploid *cut7*Δ *pkl1*Δ strain was constructed for the observation of mitosis to test this possibility. Diploid cells of *cut7*Δ *pkl1*Δ showed SPB separation and bipolar spindle formation in mitosis (Supplemental Figure S2, A and B), as seen in haploid cells ([@B36]). Hence, ploidy cannot be the reason for the monopolar spindle phenotype seen in meiosis I of the *cut7*Δ *pkl1*Δ cells.

Next, it was considered that chromosome configuration in meiosis I may cause the force imbalance. In mitosis and meiosis II, sister chromatids are tied together with cohesin, whereas homologous chromosomes behave independently. On the contrary, homologues are paired, and cross-overs are made prior to meiosis I (reviewed in [@B30]; [@B43]). The bivalent chromosomes with chiasmata are associated with microtubules so that homologues are separated in meiosis I (WT; see [Figure 3A](#F3){ref-type="fig"} for a schematic). In each type of division, chromosome configuration is correlated with the SPB state in *cut7*∆ *pkl1*∆ cells. Namely, SPBs separated in mitosis and meiosis II, but not in meiosis I (see [Figure 1D](#F1){ref-type="fig"}).

![Deletion of Rec12 and Moa1 suppresses defects in the SPB separation of *cut7*Δ *pkl1*Δ cells. (A) Schematics for chromosome configuration in mitosis (WT) and meiosis I of WT, *rec12*Δ, and *rec12*Δ *moa1*Δ cells. For meiosis I, a pair of homologous chromosomes (black and gray) are shown. Red, kinetochores (KT) (B) Cells expressing Cdc13-YFP (green), mCherry-Atb2 (microtubules; red), and Sfi1-CFP (SPB; blue) were observed from the onset of meiosis I in *cut7*Δ *pkl1*Δ *rec12*Δ (top) and *cut7*Δ *pkl1*Δ *rec12*Δ *moa1*Δ (bottom). Scale bars, 5 μm. (C) Percentages of cells that showed the separation of SPBs in meiosis I in indicated strains, as calculated from observations in B (WT, *n* = 10 cells; *cut7*∆ *pkl1*∆, *n* = 17; *cut7*∆ *pkl1*∆ *rec12*∆, *n* = 9; *cut7*∆ *pkl1*∆ *rec12*∆ *moa1*∆, *n* = 25). (D) Models as to how kinetochores serve as a fulcrum for microtubules emanated from two SPBs. Mitosis, gray ovals indicate sister chromatids of a chromosome. Meiosis I, Gray and black ovals denote homologous chromosomes in a bivalent, the kinetochores of which are loosely connected (denoted by a wavy line). Green filaments denote microtubules (MT).](mbc-30-2802-g003){#F3}

This indicated that chromosomes associated with the spindle might act as a pivot point for the spindle structure. The fulcrum of the pivot point could be kinetochores, as they form the site for physical attachment to microtubules.

The polarity of kinetochores is key for outward force generation
----------------------------------------------------------------

In mitosis and meiosis II, kinetochores of sister chromatids are oriented in a back-to-back configuration (Mitosis, [Figure 3A](#F3){ref-type="fig"}) called biorientation (reviewed in [@B50]). In meiosis I, sister kinetochores are united so that microtubules from either of the spindle poles can associate (mono-orientation), and homologues are paired as bivalent in a tetrad connected by cross-overs (Meiosis I, WT, [Figure 3A](#F3){ref-type="fig"}).

SPO11/Rec12 is a protein that introduces double-strand breaks to meiotic chromosomes, thereby facilitating meiotic cross-overs and pairing ([@B5]; [@B26]; [@B23]; [@B6]). In the absence of SPO11/Rec12, homologues are never paired (called univalent), although kinetochores remain mono-oriented (*rec12*∆, [Figure 3A](#F3){ref-type="fig"}) ([@B52]; [@B39]). The monopolin protein Moa1 is responsible for the mono-orientation of sister kinetochores in meiosis I ([@B52]). Therefore, the removal of Moa1 in *rec12*∆ cells causes the biorientation of sister kinetochores without forming a bivalent to mimic the chromosome configuration of mitosis (*rec12*∆ *moa1*∆, [Figure 3A](#F3){ref-type="fig"}).

To investigate whether chromosome configuration in meiosis I causes the force imbalance in *cut7*Δ *pkl1*Δ cells, Rec12 was first removed from the cells and disconnected homologues. The majority of *cut7*Δ *pkl1*Δ *rec12*Δ cells (∼90%) terminated meiosis I without separating SPBs, as in *cut7*Δ *pkl1*Δ cells, suggesting that chiasma formation per se is not the reason for force imbalance (*cut7*Δ *pkl1*Δ *rec12*Δ, [Figure 3, B and C](#F3){ref-type="fig"}). When Rec12 and Moa1 were simultaneously removed from *cut7*∆ *pkl1*∆ cells, 52% of the cells successfully separated SPBs in meiosis I (16 min, *cut7*Δ *pkl1*Δ *rec12*Δ *moa1*Δ; [Figure 3, B and C](#F3){ref-type="fig"}). Therefore, the conversion of chromosome configuration from meiosis I to mitosis rebalanced the forces inside the spindle.

In *moa1*∆ cells, sister kinetochores are converted to the bioriented pattern in meiosis I, although homologous chromosomes are still tied as bivalent ([@B52]) (Supplemental Figure S3A). The *cut7*∆ *pkl1*∆ *moa1*∆ cells frequently recovered SPB separation in meiosis I, which is similar to the case of *cut7*Δ *pkl1*Δ *rec12*Δ *moa1*Δ cells (Supplemental Figure S3, B and C). This means that the biorientation of kinetochores, no matter whether bivalent or univalent, drives the outward force for SPB separation.

Therefore, artificially bioriented kinetochores restore SPB separation in meiosis I lack both Cut7 and Pkl1. Although *cut7*Δ *pkl1*Δ cells without Klp2 and Rec12--Moa1 both showed SPB separation in the prometaphase of meiosis I, they showed distinct behavior in spindle elongation later in the anaphase. The *cut7*∆ *pkl1*∆ *klp2*∆ successfully elongated the spindle (see [Figure 2B](#F2){ref-type="fig"}), whereas *cut7*Δ *pkl1*Δ *rec12*∆ *moa1*∆ (and *cut7*Δ *pkl1*Δ *moa1*∆) failed to do so, which instead resulted in spindle collapse (28--32 min, [Figure 3B](#F3){ref-type="fig"}, and 24--28 min, Supplemental Figure S3B). As both *moa1*∆ and *rec12*∆ *moa1*∆ cells often displayed lagging chromosomes in the anaphase because of merotelic attachment between microtubules and kinetochores ([@B52]), anaphase spindle elongation might be hampered in those mutants including *moa1*∆.

In conclusion, in meiosis I without Cut7 and Pkl1, the outward forces that separate SPBs are not fully generated because of the mono-oriented kinetochores of bivalent chromosomes.

In mitosis, sister kinetochores attach to microtubules emanating from two SPBs. Then, kinetochores might be able to serve as a fulcrum for microtubules to generate a repulsive force for SPB separation (Mitosis, [Figure 3D](#F3){ref-type="fig"}). Notably, the bipolar attachment of microtubules to kinetochores is not fully established in the early stages of mitosis. Therefore, the kinetochore-mediated outward force may not be generated through the "end-on" attachment of microtubules to kinetochores. Instead, sister kinetochores first attach to the lateral surfaces of microtubules from two SPBs. Even before conversion to end-on attachment, lateral attachment might be able to interlock the antiparallel microtubules, thereby generating the repulsive force for SPB separation ([Figure 3D](#F3){ref-type="fig"}; see *Discussion*).

In this context, the force imbalance in *cut7*∆ *pkl1*∆ cells during meiosis I may be interpreted as a lack of the repulsive force at kinetochores because homologous kinetochores in a bivalent are relaxed. [Figure 3D](#F3){ref-type="fig"} (Meiosis I) illustrates this situation; gray and black ovals denote homologous chromosomes of a bivalent, and their kinetochores are loosely connected (drawn as a wavy line).

Kinetochore positioning affects the generation of a repulsive force for SPB separation
--------------------------------------------------------------------------------------

The cnt1-GFP system was employed to investigate whether kinetochores indeed generate the repulsive force to separate SPBs. The central core regions (cnt) of the centromeres in chromosome 1 were selectively visualized with GFP ([@B38]). We monitored the positional relationship between sister kinetochores (cnt1-GFP) and SPBs (Sfi1-CFP) when *cut7*∆ *pkl1*∆ (and WT) cells enter mitosis ([Figure 4, A--C](#F4){ref-type="fig"}). [Figure 4A](#F4){ref-type="fig"} displays kymographs derived from images of the *cut7*∆ *pkl1*∆ cells shown in [Figure 4B](#F4){ref-type="fig"}. Although cnt1-GFP (green) and SPBs (red) were closely located, on entry into mitosis, the cnt1-GFP foci stood aside two SPBs (0--30 s, [Figure 4B](#F4){ref-type="fig"}). In the corresponding kymographs ([Figure 4A](#F4){ref-type="fig"}), the green and red brackets denote separate side-by-side positioning of sister kinetochores and SPBs, which was observed before SPB separation. This off-site location of the kinetochores implies that sister kinetochores at this stage are unable to serve as a fulcrum to generate a repulsive force through microtubules. After a while, the cnt1-GFP foci overlap with Sfi1-CFP when two SPBs separate (yellow bracket, [Figure 4A](#F4){ref-type="fig"}; 60 s, [Figure 4B](#F4){ref-type="fig"}). This correlation suggests that the location of the sister kinetochores is key for the generation of a repulsive force to trigger SPB separation.

![Position of kinetochores and SPBs in mitosis and meiosis I. Location of SPBs (Sfi1-CFP; red) and centromeres of chromosome 1 (cnt1-GFP; green) together with microtubules (mCherry-Atb2; blue) were visualized in the *cut7*Δ *pkl1*Δ and WT cells. (A, B) A representative *cut7*Δ *pkl1*Δ cell in mitosis. The positional relationship between kinetochores and SPBs over time is shown in kymographs (A) and in time-lapse sequential images (B). In kymographs (A), the mCherry-Atb2 image is not merged. Green and red brackets denote separate positioning of cnt1-GFP and Sfi1-CFP. A yellow bracket denotes overlap of cnt1-GFP and Sfi1-CFP signals. The timing of SPB separation is pinpointed. Corresponding schematics for SPBs, centromeres (Cnt), and microtubules are illustrated (left). The dotted line corresponds to 60 s. In B, the dotted inset is shown below as time-lapse images. Corresponding schematics are shown (right). Time 0 is defined as when nuclear microtubules started to assemble. (C) A mitotic WT cell. (D, E) *cut7*Δ *pkl1*Δ (D) and WT (E) cells on entry into meiosis I. Scale bars, 2 μm.](mbc-30-2802-g004){#F4}

Then, the relaxation of kinetochores in a bivalent during meiosis I was confirmed using the cnt1-GFP system ([Figure 4, D and E](#F4){ref-type="fig"}). On entry into meiosis I, a radial array of microtubules was assembled to capture and reposition centromeres ([@B19]) in WT and *cut7*∆ *pkl1*∆ cells ([Figure 4, D and E](#F4){ref-type="fig"}). Homologous kinetochores were often observed as two separate dots (for instance, [Figure 4D](#F4){ref-type="fig"}; ∼120 s; Supplemental Figure S4), reflecting that the linkage of homologues is based on chiasmata formed in the arm region of chromosomes, but not on the centromeric cohesion between homologues ([@B30]; [@B43]). In WT cells, SPB separation efficiently occurred using the standard Cut7-dependent machinery ([Figure 4E](#F4){ref-type="fig"}). As the major machinery is absent in *cut7*∆ *pkl1*∆ cells, the homologous kinetochores eventually behaved separately and failed to be positioned together at SPBs ([Figure 4D](#F4){ref-type="fig"} and Supplemental Figure S4). This visually demonstrates that homologous kinetochores are unable to serve as a fulcrum to generate a repulsive force to separate SPBs. Therefore, it was concluded that kinetochores generate an outward force in mitosis, but not efficiently in meiosis.

Centromeric cohesion is required for bipolar spindle assembly in *cut7*Δ *pkl1*Δ cells
--------------------------------------------------------------------------------------

In mitosis, sister kinetochores are tightly tethered by mitotic cohesin at centromeres ([@B46]; [@B3]; [@B34]; [@B38]) (WT, [Figure 5A](#F5){ref-type="fig"}). It was assumed that in mitosis, the centromeric cohesion between sister chromatids contributes to the generation of the outward repulsive force to separate SPBs in *cut7*Δ *pkl1*Δ cells.

![Centromeric cohesion is required for SPB separation in *cut7*Δ *pkl1*Δ cells. (A) Schematics for chromosome configurations in WT, *rad21-K1,* and *swi6*Δ cells in mitosis. (B) Strains with indicated genotypes were spotted onto agar plates to test their growth. Tenfold serial dilutions were spotted. The plates contained Phloxine B, which stains dead or sick cells. (C) Time-lapse images for mitotic cells of *cut7*Δ *pkl1*Δ and *cut7*Δ *pkl1*Δ *rad21-K1*. Microtubules and SPBs were visualized with mCherry-Atb2 and Plo1-GFP, respectively. Time 0 (min) corresponds to when a nuclear punctate signal of mCherry-Atb2 first emerged. The timing of SPB separation is indicated with arrowheads. (D) Temporal kinetics of the distance between two SPBs. Mitotic cells of WT (gray; *n* = 10 cells), *rad21-K1* (green; *n* = 11)*, cut7*Δ *pkl1*Δ (orange; *n* = 16), and *cut7*Δ *pkl1*Δ *rad21-K1* (blue; *n* = 24) were observed at 36°C. (E) Plate-based growth assay as shown in B. (F) Time-lapse images of WT (left), *cut7*Δ *pkl1*Δ (center)*,* or *cut7*Δ *pkl1*Δ *swi6*Δ cells (right) expressing Plo1-GFP (SPB; green) and mCherry-Atb2 (microtubules; red), as in C. The timing of SPB separation is indicated with arrowheads. (G) Time required for SPB separation since a nuclear punctate signal of mCherry-Atb2 first appeared (mean ± SD WT, *n* = 8 cells; *swi6*∆, *n* = 10; *cut7*∆ *pkl1*∆, *n* = 18; *cut7*∆ *pkl1*∆ *swi6*∆, *n* = 9). \**P* \< 0.01; \*\**P* \< 0.005; \*\*\**P* \< 0.001; NS, not significant (Welch's *t* test). (H, I) Plate-based growth test using 10-fold serial dilutions of indicated strains as in B and E. Scale bars, 5 μm.](mbc-30-2802-g005){#F5}

The function of the mitotic cohesin Rad21 connecting the sister chromatids was impaired by introducing the *rad21-K1* temperature-sensitive hypomorphic mutation to test this assumption ([@B45]) ([Figure 5A](#F5){ref-type="fig"}). Indeed, at the restrictive temperature, the *rad21-K1* mutant precociously separated centromeres before the anaphase ([@B3]) (Supplemental Figure S5). The *rad21-K1* mutation was introduced to the *cut7*∆ *pkl1*∆ cells, and the triple mutant *cut7*Δ *pkl1*Δ *rad21-K1* showed a severe synthetic growth defect even at 26.5°C, whereas both *cut7*∆ *pkl1*∆ and *rad21-K1* mutants grew ([Figure 5B](#F5){ref-type="fig"}).

The *cut7*Δ *pkl1*Δ *rad21-K1* mitotic cells visualizing microtubules and mitotic SPBs with mCherry-Atb2 and Plo1-GFP (Polo-like kinase) ([@B2]), respectively, were then observed. In the majority of mitotic *cut7*Δ *pkl1*Δ cells, SPB separation occurred, and the distance between the two SPBs remained constant at ∼1.5 µm for 5--10 min ([Figure 5, C and D](#F5){ref-type="fig"}). On the contrary, the distance between SPBs fluctuated in the *cut7*Δ *pkl1*Δ *rad21-K1* cells. Two SPBs were located alongside each other most of the time during observation, and SPBs were reconnected even if once separated ([Figure 5, C and D](#F5){ref-type="fig"}). These results imply that the impaired cohesion between sister chromatids is a reason for a loss of the outward force in the spindle.

In the *rad21-K1* mutant, cohesion between the sister chromatids was lost. To further specify whether cohesion at centromeres generates the outward tension, the *swi6*Δ strain was introduced to dismiss cohesin from the pericentromeric regions. Swi6/HP1 is a heterochromatin protein, which recruits cohesin to the pericentromeric regions ([@B11]; [@B3]; [@B34]). As reported previously, the core centromeres of sister chromatids (indicated by cnt1-GFP) behave in a discrete manner even before the anaphase in *swi6*Δ cells, confirming that the linkage between core centromeres is relaxed by the removal of Swi6 ([@B11]; [@B3]; [@B34]) ([Figure 5A](#F5){ref-type="fig"} and Supplemental Figure S5D). When Swi6 was removed from the *cut7*∆ *pkl1*∆ strain, the *cut7*Δ *pkl1*Δ *swi6*Δ triple mutant showed severe growth defects, although neither *cut7*∆ *pkl1*∆ nor *swi6*∆ showed growth defects in these conditions ([Figure 5E](#F5){ref-type="fig"}). The frequency of mitotic cells showing the short spindle (≤1.5 µm) increased when *swi6* was removed from *cut7*∆ *pkl1*∆ cells, which was comparable to when the *rad21-K1* mutation was introduced (Supplemental Figure S6).

In the live-cell imaging of WT cells, two SPBs separated and the bipolar spindle was stably assembled to a size of ∼2 µm immediately after mitotic entry (1 min, WT; [Figure 5F](#F5){ref-type="fig"}). SPB separation took longer in the *cut7*Δ *pkl1*Δ cells (3 min, [Figure 5F](#F5){ref-type="fig"}), reflecting the reduction of outward forces for SPB separation. Furthermore, SPBs in *cut7*Δ *pkl1*Δ *swi6*Δ cells remained unseparated for longer than in the *cut7*Δ *pkl1*Δ cells (3.9 ± 1.1 min vs. 2.6 ± 0.9 min; [Figure 5G](#F5){ref-type="fig"}), indicating that centromeric cohesion promotes SPB separation in the *cut7*Δ *pkl1*Δ mutant. This may mimic the chromosome state in meiosis I of the *cut7*∆ *pkl1*∆ cells, in which the outward force is not fully generated due to the relaxed connection between the homologous kinetochores. The defects in SPB separation in *cut7*Δ *pkl1*Δ *swi6*Δ cells were partial, probably because sister-centromeres were only partially loosened by the removal of Swi6.

As the force balance in meiosis I was ameliorated by the removal of the *klp2* gene from the *cut7*Δ *pkl1*Δ cells ([Figure 2](#F2){ref-type="fig"}), it was reasoned by analogy that the deletion of *klp2* could suppress defects in *cut7*Δ *pkl1*Δ *swi6*Δ cells*.* As expected, the mitotic growth of both *cut7*Δ *pkl1*Δ *rad21-K1* and *cut7*∆ *pkl1*∆ *swi6*∆ cells was partially restored by the removal of the *klp2* gene ([Figure 5, H and I](#F5){ref-type="fig"}). This implies that inward and outward forces inside the spindle are rebalanced there so that cells can assemble the bipolar spindle. These results demonstrate that centromeric cohesion contributes to generating the outward forces and bipolar spindle assembly in the absence of Cut7 and Pkl1.

The functional outer kinetochore is required for efficient SPB separation
-------------------------------------------------------------------------

Although the results using mutants of cohesin and Swi6 imply that centromeric cohesion could be key for generation of the outward force, it is alternatively possible that the merotelic attachment of microtubules to kinetochores impedes SPB separation, as such attachment is frequently observed in cohesin mutants ([@B9]). It was thought that the effects of merotelic attachment to SPB separation in pro-prometaphase are minor because merotelic attachment is thought to affect microtubule force balance, particularly in the anaphase when chromosomes with normal attachment have already finished segregation ([@B8]; [@B9]). Indeed, although *moa1*∆ *rec12*∆ often causes merotelic attachment, it restored SPB separation in *cut7*∆ *pkl1*∆ in pro-prometaphase, and spindle elongation defects could be seen only in the anaphase (see [Figure 3B](#F3){ref-type="fig"}).

To further clarify this point, it is necessary to investigate more directly whether kinetochore generates the outward force for SPB separation through microtubules. Therefore, the mutant of Nuf2, a component of the Ndc80 complex located in the outer kinetochore, which serves as the interface for kinetochore-microtubule attachment, was employed ([@B49]). Then, the temperature-sensitive *nuf2-2* mutant ([@B32]) was crossed with the *cut7*∆ *pkl1*∆ mutant to investigate whether SPB separation is affected by defective outer kinetochores.

The *cut7*∆ *pkl1*∆ *nuf2-2* cells were delayed in SPB separation at the onset of mitosis ([Figure 6A](#F6){ref-type="fig"}). The *cut7*∆ *pkl1*∆ (*nuf2*^+^) cells started to separate SPBs within 5 min after the mitotic onset, whereas more than 25% of the *cut7*∆ *pkl1*∆ *nuf2-2* cells did not separate SPBs within 5 min ([Figure 6, B and C](#F6){ref-type="fig"}). Once SPBs were separated, the spindle was occasionally longer than 1 µm. As the *nuf2-2* mutant is not completely null, the effects of the mutation might be partial. Nonetheless, the *nuf2-2* mutation caused severe delays in the initial stage of SPB separation in *cut7*∆ *pkl1*∆ cells, indicating that the outer kinetochore complex plays a central role in SPB separation.

![Functional kinetochore is required for generation of the outward force. (A) Time-lapse images of Plo1-GFP and mCherry-Atb2 in the mitosis of *cut7*∆ *pkl1*∆ cells and *cut7*∆ *pkl1*∆ *nuf2-2* cells at 36°C. Arrowheads indicate the timing of SPB separation. Time 0 corresponds to the onset of mitosis. (B) Kinetics of distance between two SPBs in indicated strains. (C) Percentages of cells with delayed SPB separation in each strain. Mitotic cells in which SPBs did not separate for more than 5 min after the mitotic onset are counted (WT, *n* = 16 cells; *nuf2-2*, *n* = 7; *cut7*∆ *pkl1*∆, *n* = 20; *cut7*∆ *pkl1*∆ *nuf2-2*, *n* = 14). (D) Cells expressing Cdc13-YFP (green), mCherry-Atb2 (microtubules; red), and Sfi1-CFP (SPB; blue) were observed at 36°C from the onset of meiosis I in *cut7*Δ *pkl1*Δ *klp2*Δ (top) and *cut7*Δ *pkl1*Δ *klp2*Δ *nuf2-2* (bottom). (E) Percentages of cells that showed SPB separation in meiosis I in indicated strains, as calculated from observations in D (WT, *n* = 8 cells; *cut7*∆ *pkl1*∆, *n* = 14; *cut7*∆ *pkl1*∆ *klp2*∆, *n* = 15; *cut7*∆ *pkl1*∆ *klp2*∆ *nuf2-2*, *n* = 10). Scale bars, 5 µm.](mbc-30-2802-g006){#F6}

This was also tested in meiosis I. As shown above, *cut7*∆ *pkl1*∆ *klp2*∆ cells showed SPB separation in meiosis I ([Figures 2, B and C](#F2){ref-type="fig"}, and [6D](#F6){ref-type="fig"}), but *cut7*∆ *pkl1*∆ *klp2*∆ *nuf2-2* cells were mostly defective in SPB separation at meiosis I ([Figure 6, D and E](#F6){ref-type="fig"}). Therefore, it is concluded that SPB separation in meiosis I in the absence of kinesin-5 (Cut7) and both kinesin-14s (Pkl1 and Klp2) depends on kinetochore-microtubule attachment through the outer kinetochore complex.

DISCUSSION
==========

The outward force mediated by kinetochores
------------------------------------------

Visualization of kinetochores and the genetic experiments demonstrate that the tight connection between sister kinetochores as well as the functional outer kinetochore complex are the bases for a repulsive outward force for microtubules to separate SPBs. This is particularly evident in *cut7*Δ *pkl1*Δ cells lacking two opposing kinesins ([Figure 7](#F7){ref-type="fig"}). It is proposed that kinetochores contribute to the generation of outward forces for SPB separation in mitosis, but kinetochores fail to do so in meiosis I, because the interkinetochore tension in a meiotic bivalent (i.e., between homologous kinetochores but not sister kinetochores) is low, compared with that in a mitotic univalent ([Figure 7](#F7){ref-type="fig"}). SPBs in *cut7*Δ *pkl1*Δ cells were separated later in meiosis II, in which kinetochore configuration is reconverted to mitotic style (bioriented kinetochores in a univalent). Moreover, the artificial conversion of kinetochore geometry in meiosis I from the mono-oriented to mitotic bioriented style (by use of *moa1*∆ and *rec12*∆ *moa1∆*) partially restored SPB separation ([Figure 3, A--D](#F3){ref-type="fig"}, and Supplemental Figure S3, A--C). Therefore, it is concluded that the kinetochore-mediated outward force is relatively low in meiosis I due to the loose linkages between homologues ([Figure 7](#F7){ref-type="fig"}).

![Model for the relationship between centromeric cohesion and the outward force to separate SPBs in *cut7*Δ *pkl1*Δ. The behavior of kinetochores and SPBs in *cut7*∆ *pkl1*∆ mitotic cells (left), *cut7*∆ *pkl1*∆ *swi6*∆ mitotic cells (center), and *cut7*∆ *pkl1*∆ cells in meiosis I (right) are shown. Gray and black ovals denote a pair of homologous chromosomes. Wavy lines indicate that the connection between the chromosomes is relaxed. See text for details.](mbc-30-2802-g007){#F7}

Balance of inward and outward forces
------------------------------------

As previously shown in studies on *S. pombe* mitosis, SPB separation is orchestrated by a number of outward and inward forces within the spindle ([@B25]; [@B37]; [@B53]). In the presence of Cut7, the *rad21-K1*, *swi6*∆, and *nuf2-2* single mutants separated SPBs almost normally ([Figures 5, D and G](#F5){ref-type="fig"}, and [6B](#F6){ref-type="fig"}). Therefore, Cut7 appears to be the major outward-force generator that cross-links and slides microtubules in WT cells, and the kinetochore may serve as an additional factor to further assist the outward force.

In the absence of both Cut7 and Pkl1 in mitosis, outward forces dominate and therefore SPBs are separated. Tight cohesion of sister kinetochores contributes to the generation of the outward forces for efficient SPB separation.

However, in meiosis I, the outward forces do not dominate. SPBs do not separate in the double knockout, because kinetochores in a bivalent are loosely connected. Recent studies indicate that the microtubule-bundling factor Ase1 is responsible for the generation of the outward force that separates SPBs in the absence of both Cut7 and Pkl1 ([@B37]; [@B53]). Based on this notion, defects in SPB separation in meiosis I could be interpreted as an absence of Ase1 functions at this stage. Inward forces driven by Klp2 ([@B55]) might be stronger than in mitosis to hold back SPB separation, or Ase1 might not fully function in meiosis I, although those possibilities are not mutually exclusive.

Indeed, the removal of Klp2 in *cut7*∆ *pkl1*∆ cells restored SPB separation, supporting this notion. Regarding Ase1, it is speculated that the transient bilateral attachment of kinetochores to microtubules generates the interlock of antiparallel microtubules (see [Figure 7](#F7){ref-type="fig"}), thereby providing a base for Ase1 localization to promote SPB separation. In meiosis I of the *cut7*∆ *pkl1*∆ cells, flexible cohesion in a bivalent does not produce sufficient interdigitating microtubules. Therefore, Ase1 might not be able to fully function at this stage.

Lack of the kinetochore-mediated outward force in meiosis I
-----------------------------------------------------------

Kinetochore positioning in the nucleus is regulated distinctly in mitosis and meiosis. In the interphase of the mitotic cell cycle, kinetochores are tethered at SPBs in the nucleus ([@B14]). Therefore, it is reasonable to utilize kinetochores as a pivot point for bipolar spindle assembly when spindle microtubules are emanated from SPBs on entry into mitosis.

In contrast, kinetochores locate distal from SPBs and are scattered in the nucleus before entry into meiosis I ([@B7]). They are repositioned at the onset of meiosis I since distal kinetochores are captured and retrieved by a radial array of microtubules assembled from unseparated SPBs ([@B19]).

As the radial array is reminiscent of the monopolar "V-shaped" spindle seen in mitosis of the *cut7* hypomorphic mutant ([@B15]), the radial array of microtubules in meiosis may need to be assembled from unseparated SPBs that are juxtaposed to each other.

In this study, two possible explanations have been identified as to how the monopolar radial array of microtubules are assembled specifically at the onset of meiosis I. First, it is possible that Cut7 is not fully functional at the onset of meiosis I, although Cut7 is localized to SPBs at this stage (unpublished data). The other possibility, although not mutually exclusive, is that the meiosis-specific configuration of chromosomes prevents SPB separation, thereby assisting the assembly of the monopolar radial array of microtubules. Kinetochores in meiosis I are connected loosely in a bivalent and are distal from SPBs. These circumstances do not allow the generation of kinetochore-mediated outward forces that promote SPB separation. This brings a substantial delay in SPB separation, which promotes the assembly of the monopolar array of microtubules instead, thereby providing an opportunity for kinetochore repositioning. SPBs then start to separate as soon as the radial array diminishes ([@B19]).

Moreover, the close proximity of kinetochores and SPBs promotes bipolar spindle assembly in meiosis I ([@B12]). These observations indicate that although meiotic kinetochores in a bivalent are relaxed, kinetochores contribute to separate SPBs, albeit partially, as soon as they are retrieved to SPBs. Therefore, the positioning and configuration of kinetochores control the timing of SPB separation.

MATERIALS AND METHODS
=====================

Yeast strains, media, and genetics
----------------------------------

*S. pombe* strains used in this study are listed in Supplemental Table S1. For vegetative growth, cells were grown in the rich medium YE5S containing yeast extract, glucose, and five supplements (adenine, leucine, uracil, lysine, and histidine). To induce mating, meiosis, and sporulation, homothallic (*h^90^*) cells were grown in YE5S and then spotted onto sporulation agar (SPA) plates. For plate-based growth assays, 10-fold serial dilutions of cell suspensions (ranging from 1 × 10^4^ to 1 × 10^2^ cells) were spotted onto YE5S plates with or without Phloxine B. The plates were incubated at 26.5°C or 32°C. Standard methods for yeast genetics and PCR-based gene targeting for gene deletion and the tagging of fluorescent proteins were used ([@B31]; [@B1]; [@B40], [@B41]). For the visualization of microtubules, the fusion gene of *mCherry* and *atb2* (α2-tubulin) placed under the native promoter and terminator of the *atb2^+^* gene was integrated into a chromosome as an extra copy of endogenous *atb2^+^*(the resultant strain is referred to as "*Z2-mCherry-atb2*") ([@B35]).

Microscopy
----------

Cells on SPA (for 24 h) were fixed with ethanol and then mounted on the glass slide using VECTASHIELD mounting medium with DAPI (Vector Laboratories) to visualize DNA in spores. Cells were spotted onto SPA and incubated at 30°C for 18 h and fixed with 3.2% formaldehyde (FUJIFILM Wako Pure Chemical) and mounted similarly to visualize DNA in the *mes1*Δ mutant. Images were taken using the DeltaVision-SoftWoRx system (Applied Precision).

For the live-cell imaging of meiotic cells, homothallic cells were spotted onto SPA and incubated at 30°C for 7--10 h, except for the *nuf2-2* strains incubated on SPA at 30°C for 5 h and shifted to 36°C for 2 h prior to observation. For the observation of mitosis, most of the strains were cultured in the YE5S liquid medium until the mid--log phase at 30°C. Exceptionally, the *rad21-K1* and *nuf2-2* strains were cultured in the YE5S liquid medium at 25°C and shifted to 36°C for 2.5 h (*rad21-K1*) or 4 h (*nuf2-2*) prior to observation. Cells were then mounted on a glass-bottom dish (Iwaki glass) precoated with lectin from Glycine max (Sigma) and filled with a synthetic medium with adenine, leucine, uracil, lysine, and histidine (SD5S) for the observation of mitosis, alternatively with minimal medium without a nitrogen source supplemented with uracil and leucine for meiosis. Filming was performed using the DeltaVision-SoftWoRx system (Applied Precision) as described previously ([@B41]). The *rad21-K1* and *nuf2-2* mutants were incubated at 36°C during observation. Images were acquired as serial sections along the *z*-axis and stacked using the quick projection algorithm in SoftWoRx. Kymographs were generated using the SoftWoRx software, and image contrasts were adjusted with Adobe Photoshop CC 2019.

Immunofluorescence
------------------

Cells were cultured in the YE5S liquid medium until the mid--log phase at 25°C and then shifted up to 36°C. After 4 h, cells were fixed with 3.2% formaldehyde (FUJIFILM Wako Pure Chemical). Samples were then stained with the mouse anti--α-tubulin antibody B-5-1-2 (Santa Cruz Biotechnology) as a primary antibody and with Goat anti-mouse immunoglobulin G (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 (Thermo Fisher Scientific). The samples were then sealed with VECTASHIELD mounting medium with DAPI (Vector Laboratories).

Statistical analysis
--------------------

Welch's *t* test was used to evaluate the statistical significance of the difference between two values. All data are presented as the mean ± SD.
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cnt

:   central core region

DAPI

:   4′,6-diamidino-2-phenylindole

GFP/YFP/CFP

:   green/yellow/cyan fluorescent protein

MAP

:   microtubule-associated protein

SPA

:   sporulation agar

SPB

:   spindle pole body

WT

:   wild type.
